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WAKE STUDIES RELATED TO REENTRANT PYRAMIDS

I. Introduction

During the past several years the M.I.T. Aerophysics
Laboratory has been engaged in the experimental investiga-
tion of the supersonic and hypersonic near wakes of a
o

variety of reentry configurations. The near wake of a 7

half angle cone was studied by McLaughlin (1) at M_ = 4.3

and by Blankson (2) at M_ = 6.3.

The present investigation is concerned with the re-
entrant pyramid configuration, also known as the Maikapar
body (3). This body is one of the few three-dimensional,
non-axisymmetric shapes for which, under certain circum-
stances, an analytical solution for the flow field ahead

of the base is known. This accounts for much of the

interest in the reentrant pyramid.
The reentrant pyramid configuration is derived by
the "inverse method" (4) wherein the walls of the body are

constructed from stream surfaces of a known flow field,

in this case inviscid, supersonic wedge flow. Consequently,
these bodies have a "design point" which is the Mach number
of the known flow field from which the body was derived.

On design, the flow field ahead of the base is composed of
regions of two-dimensional flow with plane shocks attached

to and spanning adjacent leading edges.




The present effort has been concentrated on a single

reentrant pyramid geometry of dimensions: external rib half
angle = 15 degrees, internal rib half angle = 2.4¢ degrees,
length = 2.00 inches and number of fins = 4. The plane
spanning adjacent leading edges lies at an angle of 10.73 ?
degrees to the model's axis. A shock inclined to the free Q
stream by this angle will deflect streamlines 2.40 degrees
(the internal rib half angle) when the Mach number is

M, = 6.3 = Mg ion-

wWind tunnel tests were carried out in the M.I.T.

Aerophysics Laboratory's Gas Dynamics Facility. This

facility combines a continuous flow M_ = 6.32 wind tunnel
with a magnetic model suspension system. The wind tunnel's
reservoir temperature and pressure are adjustable. Most

tests were carried out at N 470°F and P° = 40.0 psia.

Additional measurements were made throughout the tunnel's
stagnation pressure range of 30.0 psia to 100.0 psia. This
corresponds to a free stream unit Reynolds number range of
37,000 to 124,000 per inch.

Pitot pressure measurements in the reentrant pyramid
near wake covered the region from the base to three
diameters downstream. These measurements consist of con-
tinuous profiles produced by traversing a pitot probe
horizontally, vertically or axially through the wake and

recording pitot pressure vs. position. Pitot pressure was
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also recorded at several stagnation pressures while the

probe was held stationary, close to the model's base, in

order to obtain data on base pressure vs. Reynolds number.

Using the magnetic model suspension system it is

possible to measure aerodynamic drag at zero angle of attack

by calibrating the current flowing through the drag magnet.

The drag coefficient has been measured throughout the unit

Reynolds number range of the tunnel.

\The original objectives of this project were to com-

pletely map the reentrant pyramid near wake with pitot

pressure and recovery temperature probes in order to study

the axial development of the wake's azimuthal asymmetry.

Although only a modest amount of data has been collected,

compared to our original goal, sufficient information is

available to identify most features of the pyramid's wake

and to make a comparison to the axisymmetric cone wake. —

Nt

e

II. Experimental Techniques and Instrumentation

2.1 Hypersonic Wind Tunnel

The hypersonic wind tunnel at the M.I.T. Aero-

physics Laboratory's Gas Dynamics Facility is a continuous

flow, open-circuit design with fixed interchangeable nozzles

and a free jet test section.

nominal
inches.
inches.

section

The nozzle used here has a

Mach number of 6.3 and exit dimensions of 5.1 x 3.1

The inviscid core of the free jet measures 4.1 x 2.2

Dry air is the test gas. A photograph of the test

bell appears in Figure 1.
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2.2 Wind Tunnel Models
The selection of a particular reentrant pyramid
configuration for wind tunnel testing was based on several
criteria (5). These included: compatibility with the
wind tuhnel jet dimensions, compatibility with the magnetic
model suspension system's optical position sensor and a
design point Mach number at the test Mach number.

The dimensions selected on this basis were: 15° ex-
ternal rib half angle, 2.40° internal rib half angle, 2.00
inch length and four fins. These dimensions yield a base
diameter (external rib span) of 1.072 inches and an internal
rib span of 0.168 inches. A three-view drawing of the 15°
reentrant pyramid is presented in Figure 2.

Unlike the 7° cones tested previously, the reentrant
pyramid is a non-axisymmetric configuration. Since the
magnetic model suspension system does not control the roll
degree of freedom, various methods of roll control were in-
corporated into early wind tunnel model designs (5). These
consisted of a variety of schemes for weighting or lightening
different fins so that the center of gravity would be below
the center of magnetization and gravity would hold the model
at zero roll angle (Figure 3).

This method of roll control worked well, wind-off.
However, the offset between the center of gravity and the
center of magnetization made it impossible to suspend such

a model with the wind-on. It was necessary %0 use a model
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with a symmetrical weight distribution and rely on the
asymmetry of the suspension system's magnetic field to
provide a preferred roll angle.

This approach produced a stable roll angle, both
wind-off and wind-on. The only penalty was that the pre-
ferred roll angle was not necessarily zero degrees (fins
vertical and horizontal), varying from model to model,
and also dependent to some extent on the stagnation pressure
of the flow.

Models were machined from ingot iron bar stock. The
model design finally settled on included a 0.25" x 0.08"
diameter cylindrical samarium coﬁﬁlt permanent magnet
embedded in each fin. Models were also drilled out axially
from the base so that they could be slipped over the pitot
probe for support until being suspended by the magnetic
balance. A photograph of this model design appears in
Figure 4.

. 2.3 Wire Suspension System
Before magnetic suspension of the reentrant
pyramid had been perfected, an apparatus for supporting
wind tunnel models with tungsten wires was constructed and

employed in the acquisition of preliminary wake measure-

ments (5,6).
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A special wind tunnel model, machined from aluminum, was
used in conjunction with the wire support apparatus (Figure 5).
This model allowed four tungsten wires to be threaded through
it and held securely by a set screw.

The'eight tungsten wire ends were connected with turn-
buckles to a rigid framework that surrounded the wind tunnel
jet. The framework was in turn mounted on and supported by
the diffuser. By adjusting the turnbuckles, the model could
be positioned on the nozzle axis at zero angle of attack.

Both 0.003 and 0.005 inch diameter wires were used successfully
however, 0.003 inch wire proved to break too frequently for
efficient tunnel operation.

2.4 Magnetic Model Suspension System

Conventional means of wind tunnel model support, such
as a sting or wires, inevitably cause some degree of flow field
interference. This represents an especially serious problem
to the study of supersonic wakes of three-dimensional bodies.
Magnetic model suspension makes possible interference free
measurements and offers an opportunity to obtain data which
might otherwise be unavailable.

The M.I.T. Aerophysics Laboratory operates a five degree
of freedom magnetic model suspension system in conjunction
with its hypersonic wind tunnel (7). It consists of five feed-
back control loops which control the currents in five electro-
magnets. This allows the operator to adjust and maintain model
position in horizontal, vertical and axial translation and pitch

and yaw rotation.

PSR
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A schematic diagram of the magnet configuration is

presented in Figure 6. A functional block diagram of the

slip and yaw control loops appears in Figure 7 and a

circuit diagram appears in Figure 8. The slip and yaw

loops are typical of the others.

2.5 Instrumentation

2.5.1 Pitot Pressure - The primary instrument

utilized in this investigation was the pitot probe.

This

instrument is the simplest and most reliable device avail-

able. Furthermore; the data it provides is less subject

to interpretive errors than that provided by other devices.

Probes were constructed of stainless steel Vita Needle

tubing mounted on brass double wedge stems (Figure 9).

Dimensions of the probe tip are 0.025 inches 0.D. and

0.0125 I.D.

The pitot probe was supported by a motor driven probe

drive capable of being translated in three orthogonal

directions: vertical, horizontal and axial. Potentiometers

provided a signal proportional to probe position allowing

pressure vs. position to be recorded continuously on an

HP 7044A x-y plotter.

The signal proportional to pressure was provided by a

Statham PA208TC-5-350 pressure transducer (Figure 9). 1In

this experiment, the pitot probe served in the additional

role of model support during wind tunnel start-up.

Since

the magnetic suspension system was unable to withstand the
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large transient loads on the pyramid model during a tunnel
start, models were slipped over the pitot probe in order to
restrain their movement (Figure 10). After the tunnel
reached steady state conditions, the probe was withdrawn by
moving the probe drive downstream.

2.5.2 Aerodynamic Drag - Since the magnetic model
suspension system compensates for all aerodynamic forces
with corresponding and opposite magnetic forces, it is
possible, in principle, to calculate all the aerodynamic
loads on a wind tunnel model by measuring the currents i;
the system's magnets (8). 1In practice, interactioqs
between the five degrees of freedom make this very difficult.
However, in the special case of zero angle of attack, the
situation is much simpler and the current in the drag magnet
can be calibrated with reasonable accuracy for the measurement
of aerodynamic drag (5). This is accomplished by pulling
axially on a model with weights connected to the model by a
thread strung over a pulley as illustrated in Figure 11.

A shunt in series with the drag magnet provides a signal
proportional to drag current. This signal is fed to both a

panel meter and a digital voltmeter with printer.

III. Data Reduction
3.1 Test Matrix
3.1.1 Pitot Pressure Profiles - Horizontal,

vertical and axial traverses of the near wake in the region
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from the base to three diameters aft have been taken.

Measurements were made at two nominal stagnation pressures,

40.0 psia and 90.0 psia. The corresponding unit Reynolds
numbers are 49,500 and 111,000 per inch. The nominal
stagnafion temperature and Mach number were constant
throughout the tests at 470°F and 6.3, respectively.

With the model supported by 0.003 inch diameter
wires, 17 traverses were made at Po = 90.0 psia: 4 hori-
zontal, 6 vertical and 7 axial. These are listed in
Table 1.

With the model supported by 0.005 inch diameter
wires,. two identical sets of 12 traverses were made,
one set at PO = 40.0 psia and the other at 90.0 psia.
Each set included 3 horizontal, 4 vertical and 5 axial
traverses. In addition, at 40.0 psia two traverses were
made which illustrate the effect removing one of the
eight support wires has on the flow field interference
level. These traverses are listed in Tables 2 and 3.

With the model supported by the magnetic model

suspension system, 14 traverses were made at Po = 40 psia:

5 horizontal, 6 vertical and 3 axial. These are listed in

Table 4.

3.1.2 Base Pressure vs. Reynolds Number -~ Base
pressure was measured by positioning the tip of the pitot

probe close to the model's base so that it was within the
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recirculation region. Although the flow direction is not
{ even closely aligned with the probe, the error incurred is

not serious because the region is virtually stagnant (2).

Thus this measurement provides the static pressure at the
base.

With the model supported by 0.005 inch diameter wire
the pitot probe was held stationary at X/D = 0.058 diameters f

aft of the base and nearly on axisl. The free stream stag-

T . T

nation pressure was decreased in 10 psia increments from

90.0 psia to 30.0 psia and the base pressure was recorded

at each point (Table 3). ]

With the model supported magnetically, the pitot
probe was not positioned as close to the base as above
in order to avoid the problem of interrupting the light
beam used by the magnetic suspension system to measure the
axial location of the model. Instead the probe was held
stationary and on axis at X/D = 0.28, slightly downstream
of the recirculation region. The free stream stagnation
pressure was increased in 5 psia increments from 40.0 psia
to 60.0 psia and the pressure was recorded at each point

(Table 5).

I 3 ' 3 ’ iy
The probe was slightly off from the desired on-axis
position: Y/D = -0.0056 and 2/D = 0.010.

T————————— el
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3.1.3 Drag Coefficient vs. Reynolds Number -

During the run described immediately above in which the "base
pressure" of a magnetically suspended model was measured, the
aerodynamic drag was measured simultaneously (Table 6).
Aerodynamic drag was also measured on a previous occasion
and over a wider range of Reynolds number. 1In this case
the stagnation pressure was varied in 2 psia increments from
30.0 psia to 100 psia (Table 7).

3.2 Accuracy of Model Position and Angle of Attack

There are several factors which combine to pro-

duce the uncertainty with which the position of the model
with respect to the pitot probe is known. First, there is
the uncertainty in the position of the probe. And second,
there is the uncertainty in the position of the model,
which depends on the method of model support.

Mechanical counters on the probe drive allow the
probe position to be monitored to within * 0.001 inches
on all three axes. The correspondence of a particular
counter reading to some reference point is calibrated to
within # 0.001 inches on all three axes. The reference
point depends on the method of model support.

With wire support, the model is installed in the
tunnel first and is then itself used as the reference point
for calibrating the probe drive counters. Consequently, the

total uncertainty in the position of the probe with respect
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to the model is * 0.002 inches on all axes. The tolerance
on angle of attack is * 0.2 degrees for both pitch and yaw.
The tolerance on roll is * 0.9 degrees.

With magnetic support, both the probe position and
the model position are referenced to the wind tunnel nozzle.
Uncertainty in the probe position is +* 0.002 inches on all
axes. Ideally, uncertainty in model position is of the
order of +*+ 0.005 inches after the operator sets the position
using the "absolute position" optics. There is an addi-
tional drift of * 0.002 inches during the 10 minutes it takes
to traverse the wake. The total positioning error of the
model with respect to the probe is t—0.009 inches.

Unfortunately, the optical system used to "absolute
position” magnetically suspended models at their nominal
location with respect to the nozzle could not be used
(except in the axial direction) for a variety of reasons,
during the collection of most of the data. Consequently,
it was necessary to infer the position of the model with
respect to the probe after completing the experiment using
prominent features of the pitot pressure profiles such as
the bow shock. A statistical analysis of the scatter in the
data reveals the standard deviation in horizontal and
veftical position to be 0.024 inches. The errors in pitch
and yaw are estimated to be * 1.4 degrees and the error in

roll is estimated at * 2.5 degrees.
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3.3 Accuracy of Pitot Pressure Measurements
The uncertainty associated with the pitot pressure
measurements depends mostly on the accuracy with which the
transducer is calibrated and the precision with which the
transducer output is recorded. The Statham transducer was
carefully calibrated with an MKS Baratron Type 77 pressure
meter to within 0.1 percent of reading *+ 0.01 mm Hg. The

calibration curve is presented in Figure 12. Transducer

output was recorded on a Hewlett Packard 7044A X-Y plotter
with a typical resolution of * 0.1 mm Hg (¢ 0.02 mm Hg on
axial traverses).

_ For a typical pitot profile, pressures ranged from

a maximum of 100 mm Hg at the bow shock to a minimum of

1l mm Hg in the viscous core. The corresponding errors in

measured pitot pressure are 0.2 percent at the bow shock
and 10 percent in the viscous core (3% on axial traverses).

When measuring base pressure, transducer output was
recorded with a digital voltmeter to within 0.2 percent.
Thus, errors in base pressure attributable to the trans-
ducer are of the order of 1 percent.

There are other factors which can lead to non-ideal
behavior of a pitot probe (2). These would include mis-
alignment of the probe to the flow direction and-viscous

effects. It has been estimated that the error due to

these effects is at most a few percent, except in the re-
circulation region. No corrections for these effects have

been applied to the data in this report.
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3.4 Drag Coefficient
The error associated with the aerodynamic drag
measurements depends on the accuracy with which the drag
current is calibrated and the accuracy with which the
model is positioned at zero angle of attack.

Errors in calibration have been estimated to be
within 7 percent. The calibration curve for drag magnet
current as a function of drag force at zero angle of
attack is presented in Figure 13.

At the time drag was measured over the stagnation
pressure range from 30 to 100 psia, the model was not
absolute positioned. Thus the tolerance on angle of
attack was approximately * 1.4 degrees (Section 3.2).
The resulting error in drag measurements has been
estimated at 2 percent.

At the time drag was measured over the stagnation
pressure range from 40 to 60 psia (Run 63), the model
was in absolute position. Thus the tolerance cn angle of
attack was better, on the order of *+ 0.5 degrees, and the
error is estimated at 1 percent.

The reference area used in the calculation of the
drag coefficient was the base area (0.127 square inches).
The Reynolds number calculation was based on M_ = 6.32

and To = 470°F with air treated as a perfect gas obeying

Sutherland's formula for viscosity (9).
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IV. Experimental Results and Discussion
4.1 Wire-Supported Pyramid

4.1.1 Support Interference - Pitot pressure
measurements in the wakes of wire-supported models
indicated a very high level of flow field interference
due to the support wires (10). In fact, it was found
that (except directly behind the model's fins) the wire
disturbance was the most prominent feature of the flow
field, obscurring even the bow shock. This clearly
demonstrates the value of magnetic model suspension in
wind tunnel work.

Despite the high level of interference, this data
has proved to be useful, particularly with regard to
measurements of base pressure and the extent of the re-
circulation region. In order to avoid the problem of
interrupting any of the magnetic suspension system's
light beams with the pitot probe, the probe was kept at
least 0.300 inches aft of the model's base. Thus, wire
supported models afforded us our only opportunity to make
measurements within the recirculation region.

4.1.2 Recirculation Req}on - The recirculation
region, since it is nearly stagnant, is a region of nearly
constant pressure. In the vicinity of the stagnation point
at the rear of the recirculation region, streamlines which
have expanded around the corner at the model's base must be

returned to the free stream direction and the fluid undergoes
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a recompression. Consequently, the location of the rear
stagnation point and the extent of the recirculation
region can be associated with the point on an axial
pressure profile where the pressure begins to increase
rapidly above the level at the base.
Pitot pressure profiles along the model's axis
were taken at 90 psia with 0.003 inch diameter support
wires (Run 7b) and at both 40 and 90 psia with 0.005 inch
diameter wires (Runs 14 and 26, respectively). These pro-
files appear in Figures 14, 15 and 16. They cover the
region from X = 0.020 to X = 3.000 inches aft of the basez.
E The rear stagnation point is located at X = 0.15,
X =0.13 and X = 0.12 inches for Runs 7b, 14 and 26,
respectively. The most natural length scale for the re-
circulation region is the internal rib span, Si, of 0.168
inches3. Non-dimensionalizing the length of the recircu-

lation region, 2r' with this figure gives zr/si = 0.89,

lr/si = 0.77 and JLr/Si = 0.71 for Runs 7b, 14 and 26.

2A cartesion coordinate system with origin at the center

of the model's base is used. The axial coordinate is X,
horizontal coordinate is Y and vertical coordinate is 2.

3Remember that the leading edge is not a streamline

(attached shock). Thus there is no streamline along
the leading edge which separates at the base and
encloses the recirculation region.
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These results are in excellent agreement with those
presented by Martelluci, et al. (11), which showed that
for M, > 5, the rear stagnation points for cones, wedges
and cylinders were all located around 0.8 base diameters
downstream of the base.

The recirculation region is also visible in some of
the horizontal and vertical traverses taken at X = 0.119
inches aft of the base. For example, Run 5b, which is a
horizontal traverse at 2 = 0 and Run 5, which is a vertical
traverse at Y = 0.110 inches (Figures 17 and 18).—

The point to notice in both of these figures is the
pressure minimum at the centerline surrounded on either
side by a slight increase in pressure and then a stretch
where the pressure gradient is milder. A possible
interpretation of this is a recirculation region
surrounded on either side by a lip shock of virtually zero
strength.

4.1.3 Constant Pressure Maps - Axial traverses,
in either the vertical or horizontal plane of symmetry in
which the model's fins lie (Y=0 or 2=0), were made at
several spanwise locations and the results éombined to form
curves of constant pitot pressure. The results are pre-

sented for Po = 90 psia and 0.003 inch diameter wires in

Figure 19, Po 40 psia and 0.005 inch diameter wire in

Figure 20 and Po = 90 psia and 0.005 inch diameter wire in

Figure 21.
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Thé results of Blankson's study of the 7 cone (2)
are presented in Figure 22 for comparison. The most
significant difference between them is the absence of a
wake shock in the reentrant pyramid wake.

4.1.4 Base Pressure vs. Reynolds Number - Base
pressures measured with the model supported by 0.005 inch
diameter wire (Run 38) are plotted as a function of
Reynolds number along with the free flight correlations
of Cassanto, et al. (12) in Figure 23. The results of
McLaughlin (1) and Blankson (2) also appear in this figure.

The base pressures measured on the wire-supported
reentrant pyramid are higher by about a factor of three
than the data for sharp cones. This is almost certainly
the result of interference from the support wires in light
of the fact that Blankson (2) found a similar increase in
base pressure on 20% blunt cones. Further evidence of
this appears in Section 4.2.5, where the base pressure
measured on magnetically supported reentrant pyramids is
discussed.

4.2 Magnetically-Supported Pyramid

4.2.1 Pitot Pressure Profiles - The interference
free pitot pressure profiles taken in the wake of magnetically-
suspended models are strikingly different from those taken in
the wake of wire-supported models. With all the peaks and
valleys due to support interference gone, the remaining

features appearing in the profiles can be interpreted with
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comparative ease. The bow shock, inviscid shock layer and

viscous core are all easily discernable.

All of the interference free pitot profiles were
manually digitized so that the axes could be scaled in a
manner which allows several profiles to be presented together
in one figure. Computation was performed at M.I.T.'s Multics

computer facility and the resulting figures were drawn on

a Calcomp plotter. Pitot pressure was non-dimensionalized
with the free stream stagnation pressure and length was
non-dimensionalized with the base diameter of 1.072 inches.

The four pitot profiles which appear in Figure 24.
illustrate the axial development of the wake from the base
to three diameters downstream. This is a side view of
the wake in which all the profiles lie in the vertical
plane at Y = 0. i

Due to the large uncertainty in model position poinéed
out in Section 3.2, the positions of the profiles were
adjusted to make them symmetrical about the centeriine.
This was accomplished by placing the midpoint of the bow
shocks on the centerline or, when the bow shock was not
present on both sides of the profile, by placing the mid-
point of the full width at half maximum of the pressure in
the viscous core on the centerline.

For comparison, the axial development of the sharp g
half angle cone wake studied by Blankson (2) at M_ = 6.32

and Re_. = 62,000 is presented in Figure 25. This is the

D
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same Mach number and nearly the same Reynolds number

(RemD = 53,600) as for the reentrant pyramid.

The principal difference between the pyramid and
cone wakes which can be seen in these figures is the
absence from the pyramid wake of a wake shock of any
appreciable strength.

Six pitot profiles taken in the plane X/D = 0.28
define the cross section of the pyramid wake just aft
of the base. These profiles are presented in two rear
views of the wake. Three horizontal profiles appear in
Figure 26 and three vertical profiles in Figure 27.

The same methods as described for the profiles in
the side view were used in these figures to position the
profiles symmetrically about the pyramid's axis or behind
one of thepfins. This point will be discussed further in
Section 4.2.2.

The profiles in Figures 26 and 27 are somewhat noisey
due to oscillation of the model's position during the
pitot pressure measurements. This consisted primarily of
a rocking motion in the uncontrolled roll degree of freedom
about a naturally stable position. The same profiles have
been replotted in Figures 28 and 29 after being digitally

low pass filtered to remove most of the noise.
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Three axial pitot profiles covering the region from
X/D = 0.28 to X/D = 2.85 are presented in a side view of
the wake in Figure 30. The positions of these traverses
in the Y-Z plane are shown schematically in a rear view
drawn in the upper left corner of the figure.

Extrapolating the profile lying on the model's axis
upstream to the base provides the best estimate of base
pressure obtained in this study. The value obtained is

P /P, = 0.58 at Re,, = 9.85 x 10%. This result is in

good agreement with the free flight data of Cassanto (12),
shown in Figure 23.
4.2.2 Shock Trace - The shock trace in the

plane X/D = 0.28 has been estimated using the data pre-
sented in Figures 26 and 27. The pitot profiles were
pdﬁitioned so that the midpoint of the full width at half
maximum of the viscous cére was centered behind the model's
fins. Then all thg bow shock position data was combined on
a single figure along with a least squares fit. We have
taken advantage of the symmetry of the wake in order to
increase the number of data points by reflecting the measured
shock positions about the symmetry lines.

The results appear in Figure 31 and show that the
shock trace is nearly circular. Taking advantage of the

circular shape of the shock trace, we tried repositioning
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the pitot profiles by placing the midpoint of the bow
shocks on the line Y = 0 for horizontal traverses and on
the line Z = 0 for vertical traverses. The data was then
replotted with a new least squares fit in Figure 32.
While the least squares fit for the shock trace is
virtually identical to the previous one, the scatter in
the data is significantly reduced, indicating that this
method of positioning the profiles is superior.

4.2.3 Viscous Wake Edge - Blankson (2) has
shown that the viscous wake edge location given by hot
film recovery temperature profiles is strongly correlated
to the point on pitot profiles where the pitot pressure
begins to rapidly decrease toward the level at the center
of the viscous wake.

Using this criterion the cross section of the viscous
wake edge lying in the plane X/D = 0.28 has been_determined.
In Figure 33 the midpoint of the viscous core was used to
position the data and in Figure 34 the circular shock trace
assumption was used. Least square fits are shown in both
cases and, again, the scatter in the data is less when the
circular shock trace assumption is employed.

There is some possibility that the viscous wake edge
location determined above is in error, since a decrease in
pitot pressure can also be attributed to isentropic expansion.
However, considering the large slope of the pitot profiles

in the vicinity of the viscous wake edge, such errors will be

minimal.
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4.2.4 Near Wake Map - The results of the least
squares fits to the shock trace and viscous wake edge in
the plane X/D = 0.28 have been combined in Figure 35 to
show the wake cross section divided into inviscid and
viscous regions. The displacement of the bow shock from
its "on design" location and the very thick viscous core
are consistent with the degree of viscous interaction
indicated by X, = MJ//Re_, = 0.80.

A similar procedure has been followed, working with
the data presented in Figure 24, to produce a side view
of the bow shock and viscous wake edge in the plane Y = 0.
The results are shown in the near wake map appearing in
Figure 36.

A least squares fit to the bow shock shows that it

is inclined 13.9° to the "free stream". Extrapolating up-
stream to the base indicates that the bow shock is attached
to the leading edges. .

Blankson's results for the sharp 7 é&ne are presented
in Figure 37 for comparison. The bow shock on the cone is
inclined 12° to the flow, close to that found on the
pyramid, but the viscous core of the pyramid wake ‘s much
thicker.

4.2.5 Base Pressure vs. Reynolds Number - The base

pressure data collected with a magnetically-suspended model

has been included along with the data discussed in Section 4.1.4
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in Figure 23. The present data shows good agreement with the
free flight correlations of Cassanto (12), lending support to
the conclusion that the higher base pressure found on the
wire-supported pyramid was due to support interference.

4.2.6 Drag Coefficient vs. Reynolds Number -
Results of the measurements of aerodynamic drag at zero angle
of attack are presented in Figure 38. The rapid decrease in
drag coefficient with increasing Reynolds number indicates

significant changes in the wake are occurring.

V. Conclusions
5.1 Summary of Results

1. Wire model supports produce an unacceptably
high level of flow field interference, as evidenced by wake
profiles and a 310 percent increase in base pressure above
that for magnetically-suspended models. This demonstrates
the mandatory nature of magnetic model suspension in wind
tunnel work with this shape.

2. The base pressure found for the magnetically-
suspended reentrant pyramid and the location of the rear
stagnation point found for the wire-supported reentrant
pyramid are in good agreement with the findings of other
researchers.

3. The bow shock trace was found to be nearly
circular, a result which is consistent with the expected

level of viscous interaction at the test Reynolds number.
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4. No wake shock of appreciable strength was found

; in the reentrant pyramid wake.
5. A rapid decrease in drag coefficient with in-
crease in Reynolds number was found over the range of the

tests.

5.2 Comparison to Cones
The bow shock found for the reentrant pyramid (at
y =~0.80) is nearly identical to that which would be present
on a cone of semi-vertex angle equal to 9.5 degrees. However,
there is a major difference in wake structure indicated by
the absence of a wake shock from the reentrant pyramid wake.
5.3 Further Analysis
Analysis and interpretation of the data collected
during this study is still under way and will be included
in a forthcoming Ph.D. thesis. A copy of the thesis will be
forwarded upon its completion.
5.4 Publications
A list of publications resulting from work performed
under this contract follows:

1. Solomon, M, "A Study of the Lift-to-Drag Ratio Capability
of Caret Wing Waveriders", S.M. Thesis, Dept of
Aeronautics and Astronautics, MIT, Cambridge, Ma.,

May, 1977 (also, MIT Aerophysics Laboratory TR 206, }
March, 1978).

2. Solomon, M, "An Experimental Study of the Reentrant Pyramid
Near Wake at Hypersonic Mach Number using Magnetic Model
Suspension", Ph.D. Thesis, Dept. of Aeronautics and

hstronautics, MIT, Cambridge, Ma., expected October, 1979.
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Figure 1.

Hypersonic wind tunnel test section
with magnetic model suspension system
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Figure 3. Reentrant pyramid wind tunnel models
illustrating fin weighting schemes ;
for roll control ‘

Figure 4. Reentrant pyramid wind tunnel model with
samarium cobalt magnet in each fin
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Figure 5. Reentrant pyramid wind tunnel model
and wire suspension apparatus
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Figure 9.

Pitot pressure probe and Statham
pressure transducer

Figure 10.

Reentrant pyramid wind tunnel model
mounted on pitot pressure probe
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Figure 11. Calibration of current flowing through
drag magnet for the measurement of
aerodynamic drag
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bration curve of drag current vs.
drag force at zero angle of attack

13. Cali
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6.3 WIRE SUPPORTED REENTRANT PYRAMID

6.3 MAGNETICALLY SUSPENDED REENTRANT
PYRAMID

O M= 4.3 (McLAUGHLIN (1))

10 g = SSANTO et ol (12)
E O M=4
L A M=6.3 (BLANKSON (2) )
@ o}

T

BRALRALLL!

M=

BASE PRESSURE RATIO (pg/Pg)

Cteood o trrood ot
104 103 108 107
REYNOLDS NUMBER (Reg),)

Figure 23. Correlation of base pressure
vs. Reynolds number
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Figure 27.
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